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Departament de F́ısica Quàntica i Astrof́ısica
Abstract: Thanks to recent surveys, we now have larger homogeneous data sets containing
kinematics and metallicities of stars outside the solar neighbourhood. From a cross-match between
Gaia DR2 and APOGEE DR16 data, we can study the complex chemical and dynamical structure of
the galactic disk, which is perturbed by the existence of a galactic bar. We run an orbital integrator
to classify the 3D quasiperiodic orbits into the different resonant families. Since the cross-match
between GAIA DR2 and APOGEE DR16 data gives us also the metallicities, we then investigate
the effect of bar resonances on the metallicity distribution in the Milky Way.
I. INTRODUCTION
The Milky Way is a spiral barred galaxy. The data
realeased by GAIA DR2, revealed that the galactic disk
is dynamically more complex than it was thought to be
[e.g., 4, 7, 10]. There are many perturbers at play, which
specific influence is still not clear, the spiral structure,
galactic bar and satellite galaxies are all examples of per-
turbers that play an important role in disk kinematics.
In this project, our goal is to perform an orbital study of
the stars in the inner disk and to show how these orbits
are perturbed by the existence of the galactic bar.
The central bar-shaped structure is composed of stars
in motion, and it is now understood that a bar is ba-
sically caused by regular orbits trapped around the so-
called “x1” periodic orbits, these periodic orbits are our
target. We use the same nomenclature used at [13]. Such
orbital study with real data requires having the full 6D
information for a sample of stars, i.e. coordinates, dis-
tance, proper motions and line-of-sight velocities. Test
particle and N-body simulations have shed some light in
the dynamics of inner disks, and only very recently we
can use real data, with the combination of the astrometric
Gaia (ESA) and spectroscopic surveys (e.g. APOGEE,
LAMOST).
Our main goal is to use a sample of unprecedented
size and coverage, given by the cross-match between the
APOGEE DR16 and Gaia DR2 data, and classify the
orbits into the different orbital families using computa-
tional techniques which allow us to work with large data
sets.
To do so, we perform the following steps: we clean our
data set and make an analysis of the most representa-
tive bulge-bar star population (Section II A). The cross-
match between APOGEE DR16 and Gaia DR2 gives us
data in the equatorial ICRS coordinate system, which we
transform to the galactocentric coordinate system (Sec-
tion II B). Once we have our sample expressed in the
galactocentric coordinate system, we integrate the stars
initial conditions to obtain the orbit (Section II C). With
the orbit integrated for several revolutions, we run a
Fourier transformation to obtain the frequencies and be-
ing able to separate the main bar orbital family from the
main disk stars (Section III). With the resonances clas-
sified into the different bifurcations of the ”x1” family,
in Section IV, the project also wants to show evidence of
how bar resonances give rise to distinct chemical signa-
tures, and we compare it with recent studies. We finally
expose our conclusions in Section V.
II. DATA AND TOOLS
A. Data
To get our data frame, in order to properly study
the bar structure and the role that it plays in galax-
ies, we use the recent APOGEE DR16, the sixteenth
data release (DR16) from the Sloan Digital Sky Surveys.
This is the first time we also get data from the south-
ern hemisphere giving us access to all major components
of the Milky Way. DR16 also include data from previ-
ous releases [1]. To get the data we access the SDSS
(Sloan Digital Sky Survey) Science Archive Server (SAS,
https://data.ssds.org/sas/). APOGEE is performing a
chemo-dynamical investigation across the entire galaxy
providing us data and information about radial velocities,
atmospheric parameters, and individual element abun-
dances. We make use of the cross-match between Gaia
DR2 and APOGEE already available in SAS. Our final
data set contains a full 6D space coordinates (positions,
proper motions and radial velocities) plus photometric
information for 473.307 stars. With that information, we
cut our sample to focus our project only to the inner disk,
so we keep the information of the stars within | b |< 25o
and −25o < l < 40o, where b and l are the galactic lat-
itude and longitude. This results in a sample of 92499
stars. From this sample we use the following strategy to
select the Red Clump (RC) stars, which are good stan-
dard candles for estimating astronomical distances:
1. For each star with galactic coordinates (l,b), we
compute the extinction curve using the Drimmel
extinction model [5]. We compute ((J-K),K) for
r ∈ [0, 12] kpc using 1000 bins, so a resolution
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of ∼ 10 pc, by assuming that the absolute mag-
nitude in the K band of a Red Clump star is
MK = −1.61 mag and with an intrinsic colour of
(J −K)0 = 0.55 mag [3].
2. A star is a Red Clump star if |((J − K) − (J −
K)curve)| < 0.1 mag, and we keep the heliocentric
distance, d, when this occurs as the photometric
distance of the star.
Using this strategy, we get a sub-sample of 12286 Red
Clump stars with photometric distances.
Finally, in order to remove foreground stars and reach-
ing the inner disk, we keep stars with heliocentric dis-
tance d > 3 kpc and |vx|, |vy| and |vz| < 600 km s−1.
Thus, the final sample consists of 9309 inner disc Red
Clump stars.
B. Coordinate System
In this brief section, we explain the parameters we
choose to change from the equatorial heliocentric coor-
dinate system (ICRS) to the galactocentric, using the
python library Astropy [15]. With a simple python code
we change our coordinate system, firstly, from the ICRS
to galactic heliocentric coordinates, and then from the
galactic to the cartesian galactocentric coordinate. To
change form the galactic frame to the galactocentric one,
the position of the Sun is assumed to be on the x negative
axis on the final, right-handed system, R = 8.249 kpc,
(U, V + Vrot,W ) = (9.5, 250.7, 8.56) km s
−1[6].
Doing that, we obtain a 6D cartesian vector,
(x, y, z, vx, vy, vz), giving us the galactocentric positions
and velocities, and we are ready to start analysing the
dynamics of our sample.
C. Integration and Orbits
In order to perform the orbital analysis, we need to fix
the Galactic potential. The model is a superposition of
an axisymmetric component plus a bar potential. The
axisymmetric component and rotation curve is from [2].
The bar model is an important topic which is treated in
different publications, however, we will follow the model
explained in [11], where the Galactic bar is modelled as
a bar with a boxy/bulge with Mbar = 10
10M, Ωp = 50
km s−1 kpc−1, a = 4.5 kpc, where Mbar is the mass of
the bar, Ωp is its pattern speed and a is the total length
of the semi-major axis of the bar. We use the rest of
parameters that are also exposed in [11].
All the model information of the bar potential in which
we will run the integration is included in a Fortran 77
program that follows the algorithm for a Runge-Kutta
method to resolve the differential equations that our cho-
sen model present and that we run for each one of the
particles of our final sample.
FIG. 1: Galactocentric (x, y) (top) and (R, z) (bottom) pro-
jections of the final sample.
The resulting outputs of running this code are two dif-
ferent files containing the spatial trajectories followed by
all the studied objects in two different frames, an inertial
one and a no-inertial one. In both frames, the center of
the mass of the model is located at the origin. In the
inertial frame, an observer sees the bar inclined respect
to the (x, y) Galactic plane, and rotating along the z axis
with constant angular velocity. In the no-inertial frame,
an observer would rotate with the bar at the same con-
stant velocity. To perform the frequency analysis (see
Section III), we only take the information we get from
the file that saves the trajectories in the no-inertial frame,
where the whole system follows the movement of the bar.
We now have information about the dynamical evolu-
tion of all the studied stars and we are ready to do a
frequency analysis to classify the orbits into the different
orbital families. The Galactic bar model is known to have
five different Lagrangian points, L1 and L2 are on the x-
axis, L3 in the origin of coordinates and L4 and L5 on
the y-axis. The main family of periodic orbits is known
as ”x1” [13] and it provides the building blocks of the
Galactic bar. Inside this family, most of the orbits have
radial resonances 1:2, 1:3 and 1:4. In the top panels of
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FIG. 2: (x, y) projection of orbits and their frequency histograms. We present the orbit (top) and the frequency histogram
(bottom) of one star from each resonance. The order is: resonance 1:2 in the first column, resonance 1:3 in the second one,
resonance 1:4 in the third one and disk at the fourth one.
FIG. 3: XY projection of other bar-type orbits.
Fig. 2, we show the (x, y) projection of four typical orbits
of our sample of stars. From left to right, orbits in 1:2,
1:3, 1:4 and disk. Besides the orbits related with the fam-
ily ”x1”, that will be studied deeper in the next Section,
we find stars belonging to the ”x2” and ”x3” families.
Two examples of such orbits are plotted in Fig. 3. In
the left panel, there is an orbit of manifold-type, this is,
orbits orbiting from the L1 towards the L2 Lagrangian
points, and viceversa, which are thought to be the the
origin of the rR1 rings of the [12]. In the right panel, we
show a higher order resonant orbit, in particular, this is
a 2:3 resonant orbit, this is, it makes two loops around
the galactic centre, while it makes three radial loops.
III. KINEMATIC – FREQUENCY ANALYSIS
In this section we pay closer attention to the most im-
portant type of orbits when we talk about the bar struc-
ture, the ”x1” family, and we group ”x2” and ”x3” fam-
ilies with the other no-bar families. We focus on quasi-
periodic orbits elongated parallel to the bar, and classify
the ”x1” family into its bifurcations, 1:2, 1:3 and 1:4 res-
onance regions. In many cases, no suitable orbits beyond
the 1:4 resonance can be found so we cut our study here.
From our final sample of stars and with each trajectory
integrated we now proceed to do a frequency analysis of
all of them. We want to extract the stars with typical
bar motion (family ”x1”) and separate these into differ-
ent files depending on its resonances. To do so we use
Python once again, using a loop to open the dynamical
information of each star: (t, x, y, z, vx, vy, vz). With that,
and also using the same loop, we apply a Discrete Fourier
Transform (DFT) to all of the orbits, using the FTT im-
plementation from the numpy package of Python [16]. In
order to establish a classification criterion, we seek pat-
terns in the frequency-amplitude histogram for a smaller
random subset of 306 stars. We focus on the frequency
value of the most significant peak (freq). We, then, apply
the adopted criteria to the full sample. The criteria we
use is:
1. A star is classified as belonging to the 1:2 resonance
if: freq ∈ (0.78, 0.8) .
2. A star is classified as belonging to the 1:3 resonance
if: freq ∈ (0.53, 0.54) .
3. A star is classified as belonging to the 1:4 resonance
if: freq ∈ (0.39, 0.4) .
4. The initial conditions of a star are classified into
a file that contains no-bar stars if it has a number
of peaks lower than six. We identified those stars
with stars that have a high radial velocity and are
able to escape the galaxy, that can happen because
when we restricted the radial velocity of our sample
we used a velocity higher than the escape velocity
of the galaxy.
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5. The initial conditions of a star are classified into
a file containing all types of orbits if non of the
previous requirements are accomplished.
Using this criteria, and focusing on the files containing
the stars with typical bar motion, we obtain three files
of different sizes, 42 stars for the 1:2 resonance, 137 stars
for the 1:3 resonance and 99 stars for the 1:4 resonance.
In the bottom panels of Fig. 2, we show the frequency
histogram of the corresponding orbits in the top panel.
We can appreciate the differences between different res-
onances. The star in the 1:4 resonance has, clearly, four
radial excursions for each galactic period, while stars in
the 1:3 resonance have three and stars in the 1:2 reso-
nance have two. We can also note the difference between
their frequency histograms, specially the second peak in
the disk star histogram. Analyzing the classification, we
notice that some typical disk orbits passed through the
filter we used. The percentage of those disk-like orbits
we get for each resonance is 2.33%, 27.01% and 51.52%,
for the 1:2, 1:3 and 1:4 resonances, respectively. The to-
tal contamination of our files is a total of 31.90%. To
improve this, we can notice that the no-bar orbits that
passed through our filter have a second significant peak
(p2) in the frequency-amplitude phase space, compared
to the most significant one (p1). While the typical disk
orbits have a significant second peak, this does not hap-
pen with the typical bar orbits. Imposing p1 > 2p2 we
could reduce this elevated percentage of contamination.
Note the difference between the frequency histograms of
each family in Figure 3, specially the second peak of the
disk-like orbit.
IV. CHEMICAL ANALYSIS
The chemical composition of the bulge-bar region is
complex. In this section we focus on the main chemi-
cal characteristics of our inner Galactic sample, which
we had to filter once again to include sources with valid
metallicities. Our data set has now a size of 8289 stars,
with 250 stars with typical bar motion. We use the
value [Fe/H] as representative of metallicity. We plan
to study the effect of bar resonances on the inner Milky
Way metallicity distribution.
Figure 4 shows the spatial chemical abundance for our
sample, we plot the (y, z) Cartesian Galactic projection
because, as it is seen in [14], the strongest signature is
found at an azimuth along the bar’s minor axis, while
the resonant signature in the metallicity along the bar’s
semi-major axis almost vanishes. Analyzing Fig. 4, we
confirm the vertical metallicity gradient, but we can not
really appreciate any radial metallicity abundance gra-
dient [8]. If we compute the median [Fe/H] abundance,
though, we can find a small difference, suggesting the
existence of a metal-poor component that seems to dom-
inate the inner most part of our sample. We computed
the following medians for all the sample, the bar stars
FIG. 4: (y, z) projection of our sample coloured with the
[FE/H] abundance. The top figure is the sample with all the
studied stars and the bottom one are the stars with typical
bar motion.
and the 1:2 resonance, which is the resonance with less
disk-like orbits stars contamination:
1. For the whole sample we have a [Fe/H] median
abundance of -0.21947.
2. For stars with typical bar motion we have a [Fe/H]
median abundance of -0.23427.
3. For the 1:2 resonance we have a [Fe/H] median
abundance of -0.37594.
Figure 4 shows large metallicity values very close to
z ∼ 0, a result already known from previous studies [e.g.,
1, 8]. But the projection also shows a considerable lack of
data due to the APOGEE footprint, and we are not able
to confirm if in the innermost part of the Milky way there
is a metal-rich or a metal-poor star domination. There
has been many similar studies trying to find a relation-
ship between the metallicity of the stars and its birth
place [e.g., 8, 9, 14], and their results do not all converge
to the same conclusion. Here, if we take a close look to
Fig. 4 top panel, we could think that the Milky Way has
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a metal-rich bar population, but also doing an statisti-
cal analysis we find that bar resonance are composed by
metal-poor stars. This property is still under research,
and we have hit the same controversy that we find while
reading different articles involved in the research, where
each one of them provides a different result.
V. CONCLUSIONS
Using data from the cross-match between Gaia DR2
and APOGEE DR16, we classify stars with typical bar
motion into different resonance types, one of our project
objectives. To do that we first clean our sample and
keep the significant stars of the inner galactic disk, then
we change the coordinate system of our sample to the
Cartesian galactocentric to be able to compute the tra-
jectories of each star in the sample. With the dynamics,
we make a frequency analysis and look for patterns in
the frequency histograms of our sampled stars. We no-
ticed three different patterns, each one followed by each
resonant family and we are able to classify stars from
these families. With the obtained results we compute
the percentage of stars with disk-like orbits that passed
through our filter, we also give a solution to reduce this
contamination.
Another goal was to identify if there are chemody-
namical signatures introduced by bar resonances in the
Galactic disk, and we do not notice it projecting our data
on the (y, z) Cartesian Galactocentric plane. But doing
an statistical analysis of the [Fe/H] abundance of our
data, we find the stars with typical bar motion are less
rich in metallicity than stars classified into the global file
containing stars with diverse orbital frequencies. How-
ever, the lack of data prevents us from stating whether
the Galactic bar population is dominated by metal-rich
stars or by metal-poor stars. This project can be im-
proved in the near future by using more and with bet-
ter accuracy data from future spectroscopic surveys (e.g.
WEAVE@ING or 4MOST@VISTA).
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